Background: Mutation of cystic fibrosis transmembrane conductance regulator (CFTR) in the airway epithelial cells can lead to recurrent airway inflammation in cystic fibrosis (CF). Dysfunction of CFTR in neutrophils could contribute to LPS-induced acute lung inflammation. Deficiency of CFTR could also facilitate platelet aggregation and neutrophil-platelet interaction and promote inflammation. Aim: To study whether inhibition or mutation of CFTR in alveolar macrophages (AMs) or peritoneal macrophages (PMs) would promote their proinflammatory responses and whether dysfunction of CFTR would deteriorate acute E. coli-induced lung or peritoneal inflammation. Design: Laboratory study. Methods: ELISA was used to determine production of proinflammatory cytokines in the CFTR inhibited or mutated macrophages under LPS challenge. Lung or peritoneum lavage was used to analyze proinflammatory parameters and cell differentiation. Excess lung water and lung vascular permeability were measured for evaluating severity of acute lung inflammation. Results: Escherichia coli LPS simulation in AMs increased CFTR expression. Inhibition or mutation of CFTR in both AMs and PMs enhanced production of tumor necrosis factor alpha (TNF-a) and macrophage inflammatory protein-2 (MIP-2). Mutation of CFTR in macrophages exaggerated production of cytokines through NF-kB and p38 MAPK. Inhibition of CFTR by MalH2 or CFTR inh -172 deteriorates E. coli-induced acute lung inflammation. Deficiency of CFTR promotes migration of monocytes and neutrophils in E. coli pneumonia and peritonitis mouse models. Conclusions: CFTR expressed by alveolar or peritoneal macrophages regulates acute proinflammatory responses.
Introduction
Mutation of cystic fibrosis transmembrane conductance regulator (CFTR) could lead to exaggerated host proinflammatory responses in cystic fibrosis (CF) patients. 1 Hyperactivation of NF-kB in the CF epithelial cells gives rise to excessive generation of inflammatory cytokines. 2 Dysfunction of CFTR in airway epithelial cells contributes to not only chronic inflammation but also acute infection and inflammation. 3, 4 Studies have also demonstrated that CFTR expressed by myeloid-derived cells could regulate the development and resolution of inflammation. 5, 6 CFTR expressed by neutrophils could regulate LPS-induced acute lung inflammation. 7 Lack of functional CFTR could facilitate platelet aggregation and induce thrombocytopenia in LPS-induced acute lung injury mouse models. 8, 9 Inhibition of CFTR in macrophages impairs lysosomal acidification and reduces bactericidal ability. 10 Deficiency of CFTR in neutrophils and platelets is involved in the development of inflammation [7] [8] [9] 11, 12 ; however, whether dysfunctional CFTR in AMs or PMs would enhance acute proinflammatory responses deserves further investigation. Therefore, in this study we will investigate whether: (i) LPS stimulation would have an impact on CFTR expression in AMs, (ii) inhibition or mutation of CFTR in AMs or PMs would affect LPS-induced acute proinflammatory responses and (iii) dysfunction of CFTR would worsen acute Escherichia coli pneumonia or peritonitis.
Materials and Methods

Chemicals and reagents
CFTR inh -172 (thiazolidinone CFTR inhibitor), BMS-345541 and SB203580 were purchased from EMD Millipore. MalH2 (di-sulfonate glycine hydrozide, a water soluble CFTR inhibitor) was kindly provided by Professor A. Verkman (University of California San Francisco). Anti-CFTR antibody (H-182) was from Santa Cruz Biotechnology Inc.
Animals
Eight to ten-week-old CD1 wild-type (wt) and CF mice (targeted F508del gene replacement, obtained from Professor A. Verkman). [7] [8] [9] Anesthesia was induced with an intraperitoneal 
Escherichia coli preparation
The methods used to passage, store, amplify and quantify the E. coli have been reported previously.
9,13
Acute E. coli pneumonia mouse model Direct visualization instillation method was used to instill 10 7 cfu of E. coli into the airspaces of the lung. 14 
Administration of CFTR inhibitors
As previously described, 9 mice were given an ip injection of CFTRinh-172 (dissolved in DMSO, 3 mg/kg) or MalH2 (dissolved in PBS, 3 mg/kg) 15-20 min before intratracheal challenge with E. coli. The mice were killed at 4 h after infection. Four hours later, mice were killed to perform BAL and analyze excess lung water and lung vascular permeability.
Bronchoalveolar lavage, protein levels and leukocyte count
The detailed procedures were described previously. 15 
Measurement of excess lung water
The detailed procedures were described previously. 16 
Measurement of lung vascular permeability
The detailed procedures were described previously. 
Detection of CFTR expression in AMs by immunofluorescence
Using cytospin, AMs were prepared on slides and fixed in 4% paraformaldehyde. The detailed method was described.
15,16
Western blotting for CFTR AM protein content was measured using a kit (Pierce, Rockford, IL, USA). The detailed method for Western blotting was previously described.
Statistical analysis
Statistical analysis was performed using GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA). Student's t-test and one-way analysis of variance were used for analysis accordingly. Significance was set at P < 0.05. Results are presented as means 6 SD.
Results
LPS simulation increases CFTR expression in AMs
The AMs were stained with anti-CFTR antibody (H-182) and then detected by FITC or Cy3-labeled second antibody. We found that AMs were positively stained with CFTR ( Figure 1A -D). Furthermore, we examine whether LPS stimulation affects CFTR expression in the AMs. The protein in PBS-or LPS-stimulated AM lysate was equally loaded for Western blotting. We found that CFTR ($170 kD) was detected by anti-CFTR antibody in the AMs. Under LPS stimulation, CFTR expression in AMs was increased compared with the control group ( Figure 1E ).
Macrophage CFTR regulates production of cytokines via NF-kB and p38 MAPK
To investigate whether CFTR in AMs regulates production of proinflammatory cytokines, we first inhibited AMs CFTR with MalH2 and then stimulated them with LPS. We found that LPS stimulation increased TNF-a and MIP-2 production in AMs (Figure 2A and B). Inhibition of CFTR with MalH2 further increased TNF-a and MIP-2 production (Figure 2A and B). These findings suggest that CFTR regulates production of proinflammatory cytokine in AMs.
To study whether AMs CFTR regulates production of cytokines via NF-kB, we inhibited LPS-stimulated AMs with CFTR inhibitor either MalH2 or CFTR inh -172 and extracted nuclei to measure p65 NF-jB. We found that inhibition of CFTR by either MalH2 or CFTR inh -172 in LPS-stimulated AMs increased p65 NFjB compared with control group ( Figure 2C ). We isolated AMs from F508del mice and stimulated them with LPS. TNF-a levels in the LPS-stimulated F508del AMs were increased compared with LPS-stimulated wt counterparts ( Figure 2D ).
To confirm whether mutation of CFTR regulates production of cytokines via NF-kB and p38 MAPK, LPS-simulated AMs were pretreated with BMS-345541 (a specific I kappa B kinase inhibitor, 50 mM) or SB203580 (a specific p38 MAPK inhibitor, 10 mM) or vehicle. TNF-a level was significantly lower in both BMS-345541-and SB203580-pretreated LPS-stimulated F508del AMs compared with the vehicle pretreated LPS-stimulated F508del AMs ( Figure 2D ).
We have also used the purified PMs to repeat the above experiments. We found that TNF-a and MIP-2 levels in the LPS-stimulated F508del PMs were greater than that in the LPS-stimulated wt PMs ( Figure 2E and F) . TNF-a and MIP-2 were lower in BMS-345541-pretreated LPS-stimulated F508del PMs than that in the vehicle-pretreated LPS-stimulated F508del PMs ( Figure 2E and F) . Different from AMs, less inhibitory effect of SB203580 on TNF-a and MIP-2 was found in the LPS-stimulated F508del PMs.
Inhibition of CFTR by MalH2 deteriorates E. coli-induced acute lung inflammation
In an E. coli-induced acute lung inflammation mouse model, BAL protein concentration (an index of lung epithelial and endothelial permeability) was increased in the MalH2-treated group compared with the control group ( Figure 3A) . The BAL TNF-a in the MalH2-treated group was also elevated compared with the vehicle group ( Figure 3B ). The plasma TNF-a and MIP-2 levels in the MalH2-treated mice were higher compared with the vehicle group ( Figure 3C and D) . Moreover, excess lung water and lung vascular permeability were greater in the MalH2-treated group than those in the control group ( Figure 3E and F) .
Inhibition of CFTR by CFTR inh -172 worsens E. coliinduced acute lung inflammation
We also pretreated the wt mice with CFTR inh -172 (another wellrecognized CFTR inhibitor) to study whether inhibition of CFTR affects E. coli-induced acute lung inflammation. We found that BAL TNF-a in the CFTR inh -172-treated group was higher versus the vehicle-treated group ( Figure 4A ). The anti-inflammatory cytokine, IL-10, was lower in the CFTR inh -172-treated group relative to the control group ( Figure 4B) . Furthermore, plasma TNF-a and MIP-2 were elevated in the CFTR inh -172-treated group compared with the control group ( Figure 4C and D) . Excess lung water and lung vascular permeability were higher in the CFTR inh -172-treated group than those in the control group ( Figure 4E and F) .
Deficiency of CFTR promotes migration of monocytes and neutrophils in E. coli pneumonia and peritonitis mouse models
We hypothesized that dysfunction of CFTR in both AMs and PMs increases production of chemokines (e.g. MIP-2 9 ), which would facilitate migration of monocytes and neutrophils to the inflammatory site. To test this hypothesis, we intratracheally challenged the wt and F508del mice with E. coli and analyzed the changes of BAL cell differentiation. We found that dysfunction of CFTR increased the leukocytes (Figure 5A ), monocytes ( Figure 5B) and neutrophils ( Figure 5C ) in the BAL compared with the wt mice. We also intraperitoneally challenged the wt and F508del mice with E. coli and then analyzed cell population in the peritoneum. We found that deficiency of CFTR increased the leukocytes (Figure 5D ), monocytes ( Figure 5E ) and neutrophils ( Figure 5F ) in the peritoneum compared with the wt mice. These findings support that CFTR plays a key role in the development of acute inflammation via regulating migration of neutrophils and monocytes.
Discussion
CFTR, functioning as a chloride channel, could regulate proinflammatory responses in both epithelial and non-epithelial cells. 1, 2, 4, [6] [7] [8] [9] Working at the body's first line of defense, AMs and PMs are key proinflammatory cells. In response to infection, they can recognize pathogens and initiate inflammation by recruiting monocytes and neutrophils through chemokines. 15, 17 A collection of evidence has demonstrated that in the airway epithelial cells, F508del causes CFTR misfolding, mistrafficking and intracellular accumulation. These abnormalities could lead to stress of endoplasmic reticulum, impairment of Cl À channel Evidence has also shown that deficiency of CFTR in AM-or BM-derived macrophages could contribute to the exaggerated production of cytokines under Pseudomonas aeruginosa (PA) LPS challenge. 22 As a commonly found pathogen in the airway of CF patients, PA could elicit recurrent infection and inflammation. 23 Considering E. coli is the most common cause of Gramnegative sepsis, we chose E. coli and its product LPS to study whether CFTR plays a role in regulating acute proinflammatory responses in AMs or PMs during acute infection and inflammation.
In this study, we found that LPS stimulation increased CFTR expression in AMs (Figure 1E ), suggesting CFTR participates in LPS-induced proinflammatory response. Inhibition by CFTR specific inhibitor (MalH2 or CFTR inh -172) or mutation of CFTR either AMs or PMs enhanced LPS-induced proinflammatory cytokines (TNF-a, MIP-2). These findings strongly support that CFTR is a key regulator of acute inflammatory responses.
TLR4 is the receptor of endotoxin, a component of Gramnegative bacteria. 24 It is controversial regarding how CFTR-signaling pathways affect TLR4-mediated pathways. Muir et al.
25
reported that TLR4 expression is restricted to the endosome in the CF airway epithelial cells after infection and this change makes TLR4 fail to respond to LPS challenge. Kelly et al. found that LPS stimulation triggers internalization of the TLR4 complex to the endosome for degradation, and this process is regulated by CFTR. Without functional CFTR, surface and intracellular TLR4 expression remains largely unchanged in airway epithelial cells. Therefore, CF displays chronic uncontrolled activation of NF-kB and higher release of inflammatory mediators. 26 In this study, the regulatory effect of CFTR on TLR4 pathway in macrophages is in line with the latter but the mechanism deserves further study. It has been reported that in LPS-stimulated neutrophils, inhibition of CFTR or mutation of CFTR increased activation of NF-kB, which promoted TNF-a and MIP-2 production. 7, 9 In this study, we also found that inhibition of CFTR in LPS-stimulated AMs facilitated p65-NF-kB translocation into the nuclei ( Figure 2C ). Mutation of CFTR promoted LPS-stimulated AMs to produce TNF-a, and inhibition of NF-kB and p38 MAPK could diminish this effect. These findings suggest that CFTR in AMs regulates production of cytokines via both NF-kB and p38 MAPK pathways. Similarly, mutation of CFTR promoted LPS-stimulated PMs to produce TNF-a and MIP-2. However, this effect was abolished by suppressing activation of NF-kB not by p38 MAPK (Figure 2E and F). These findings suggest that CFTR in PMs modulates production of cytokines largely depending on NF-kB other than p38 MAPK. Studies have shown that there is an increased phosphorylation of p38 MAPK Thr334 in the CF lung biopsies. The phosphorylation of p38 MAPK in F508del airway epithelial cells is elevated in response to PA diffusible material. 27 Atypical pattern of unfolded protein response was associated with the hyperinflammatory CF phenotype which is dependent on p38 MAPK activity. 28 HEK293 cells over-expressed with wt-CFTR could suppress NF-kB luciferase reporter activity induced by IL-1b, TNF-a and PA LPS. 29 Therefore, CFTR deficiency could contribute to increased phosphorylation of p38 MAPK and enhanced activation of NF-kB. We also found that inhibition of CFTR by MalH2 and CFTR inh -172 increased proinflammatory cytokine (MIP-2, 9 TNF-a) in the BAL ( Figures 3B and 4A) , deteriorated pulmonary edema, and increased lung vascular permeability (Figures 3E and F, and 4E and F) after E. coli infection. These findings support that CFTR regulates the development of acute lung inflammatory responses. Upon E. coli infection, AMs produces MIP-2, 15 which can recruit neutrophils to the alveoli. 15, 17 Inhibition of CFTR decreased IL-10 (an anti-inflammatory factor) in the BAL ( Figure 4B ), suggesting a pleiotropic role of CFTR involving in the production of inflammatory cytokines. It was reported that CF epithelial cells are functionally deficient in IL-10, a key anti-inflammatory cytokine. 30 Bonfield et al. reported that levels of the proinflammatory cytokines (IL-1b, TNF-a and IL-8) were higher in CF versus healthy control BAL. In contrast, healthy control BAL contained significantly more IL-10 than CF BAL. 31, 32 In LPS-induced acute inflammation, CF mice displayed an exaggerated cellular infiltration and a lower anti-inflammatory interleukin-10 production. 33 We have reported that IL-10 production was reduced in LPS-stimulated CFTR-inhibited neutrophils. 7 Up to date, the concrete mechanism by which CFTR deficiency attenuates IL-10 production in the macrophages has been less investigated.
In response to acute E. coli infection in the lung or peritoneum, mutation of CFTR facilitates monocytes and neutrophils migration, further suggesting that chemokines, for example MIP-2, 9 produced by AMs ( Figure 2B ) or PMs ( Figure 2F ) play a key role in mediating the development of acute inflammation.
It should be noted that we cannot exclude that CFTR deficiency in airway epithelial cells may contribute to recruitment of monocytes and neutrophils; however, theoretically, macrophages are more potent to produce chemokines than epithelial cells during the development of acute inflammation. As tissue-specific macrophages, AMs and PMs are shaped by the local microenvironment. 34 During development, specific genes including Chi3l3, Sftpc, Car4 and the transcription factor Pparg were upregulated in AMs; whereas Alox15 and the transcription factor Gata6 were upregulated in PMs. 34 In the peritoneum, omentum-derived retinoic acid promotes expression of Gata6 in a subpopulation of local macrophages. 35 Despite of this difference, both AMs and PMs can produce proinflammatory cytokines (TNF-a and MIP-2) in a NF-kB dependent manner in response to LPS stimulation. 36, 37 In summary, CFTR expressed by macrophages modulates acute inflammatory responses. Targeting CFTR in the macrophages may provide us potential approaches for dampening acute inflammation.
